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The morphologies of freeze-cast materials are typically controlled and tuned by 
adjusting the freezing-front velocity and temperature gradient. Recently it has been 
demonstrated that coarsening, similar to that commonly practiced in alloy systems, is 
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also effective for morphological control in freeze-cast materials. However, the 
underlying coarsening mechanisms and their effect on microstructure evolution are 
largely unknown. In this study, frozen preceramic polymer/cyclohexane solutions were 
coarsened at 2 °C and 4 °C for up to 5 h, and the resulting morphologies were 
characterized using scanning electron microscopy, mercury intrusion porosimetry, and 
X-ray computed tomography. During coarsening the microstructure evolved from 
dendritic (primary and secondary pores) to honeycomb-like (large open channels with 
flat walls). The size of both primary and secondary pores increased linearly with the 
cube root of coarsening time, consistent with dendritic coarsening in alloy systems. 
Other important metrics such as primary dendrite spacing, dendrite growth directionality, 
and the effect of coarsening on the pore-ceramic interface area are reported. These 
findings provide novel insights into coarsening of freeze-cast systems and can lead to 
new avenues for microstructure tailorability.  
Keywords: ice-templating, Ostwald ripening, porous materials, preceramic polymers, X-
ray computed tomography 
 
1. Introduction 
Porous ceramics are receiving considerable attention for their hardness, 
chemical inertness, high temperature resistance, corrosion resistance and wear 
resistance while providing pore networks suitable for insulation, bio-medical implants, 
and filtration [1]. Since each application requires specific microstructures, there is 
growing research on porous ceramic processing techniques [2,3]. Of the variety of 
methods to produce porous materials, freeze casting is one which provides exceptional 
tunability, not only with respect to pore directionality and alignment, but also for pore 
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size, pore morphology, connectivity and tortuosity. In this method, a suspension or 
solution is directionally frozen such that growing crystals reject suspended particles or 
segregate the dissolved preceramic polymer. A sublimation step that follows removes 
solvent crystals, leaving pores in materials, and a subsequent sintering or pyrolysis step 
yields a porous solid. Pores are typically tuned by the concentration of 
suspension/solution, solvents, solidification parameters (freezing front velocity, 
temperature gradient, etc.), and additives. Pore size can be controlled by the freezing 
front velocity [4] and the concentration of particles or solute [5], and generally ranges 
from ~300 nm to ~500 µm [6,7]. Furthermore, pore morphology can be controlled by 
choice of solvents [8], temperature gradient [9], additives [10], and by modifying freeze 
casting techniques such as two-stage freeze casting [11] and magnetic freeze casting 
[12]. This tailorability in pore size and morphology leads to potential applications of 
freeze-cast ceramics that include bone tissue engineering [13,14], supercapacitors [15], 
filtration [16], cryogenic wicking [17], and medical diagnostic devices [18]. These studies 
focused on changing the above parameters to control the initial crystal growth step. In 
our study, we use coarsening as a post-crystal growth process to alter both pore size 
and morphology. 
Solidification is the foundation upon which freeze casting is built. A study by 
Miller et al. demonstrated that classical solidification theory can be successfully applied 
to describe the relationship between pore size, temperature gradient, and freezing front 
velocity in freeze-cast systems [19]. Coarsening, also known as Ostwald ripening, is a 
phenomenon which occurs in multi-phase systems such as alloys and metal oxides [20], 
and is driven by the reduction of interfacial energy to minimize the free energy of the 
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system. The total interfacial area in a system is decreased through mass transport, 
which is driven by the concentration gradient resulting from a large interfacial mean 
curvature to a small interfacial mean curvature due to the Gibbs-Thomson effect (1): 
              (1) 
where         
 
 
(     )  
and    is the composition of liquid at the solid-liquid interface,    is the composition of 
the liquid at flat solid-liquid interface,    is the capillary length and   is the mean 
curvature of interfaces.  is determined by the two principle curvatures,    and   . 
Coarsening of alloys has been extensively studied in systems ranging from simple 
spherical geometries [21] to complex interconnected structures such as dendrites 
characterized by tree-like arms [22,23]. Coarsening studies span theory [24] to 
modeling [25,26] to in-situ and ex-situ experimental studies [27–32]. Two important 
results on coarsening of dendrites are highlighted here. First, Bower et al. found that 
secondary dendritic arm spacing (  ) increases with coarsening time as: 
      
 
 ⁄  (2) 
where    is the local solidification time [33]. Second, Kammer et al. reported that 
dendritic structures turned into cylinders or cylindrical-like shapes after coarsening Pb-
Sn alloys at 185 °C for four days, and Al-Cu alloys at 553 °C for three weeks [23].  
Studies of coarsening in freeze-cast systems are limited [34–36]. Pawelec et al. 
investigated low-temperature ice annealing in a collagen suspension, and observed 
coarsened microstructures after twenty hours of annealing at temperatures below -20 
°C [36]. Liu et al. examined coarsening of camphene crystals in freeze casting of 
bioactive glass to obtain a controllable pore diameter, ranging from 15 μm to 160 μm 
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[35]. Both studies only reported pore sizes and provided a qualitative image analysis. 
Hence, there remains a gap between these observations and what is understood at a 
fundamental level in alloy systems. Furthermore, these studies were conducted using 
suspension-based freeze casting. The use of suspended colloids or powders and 
dissolved additives makes understanding the coarsening mechanisms and comparing 
them to alloy systems very difficult, whereas a solution contains a preceramic polymer 
and a small amount of the cross-linking agent, both of which are dissolved in a solvent.  
Our study focuses on solution-based freeze casting and investigates the 
evolution of dendrites during isothermal coarsening. Morphological evolution was first 
characterized using scanning electron microscopy (SEM) and mercury intrusion 
porosimetry (MIP). To gain further insights into the coarsening processes of freeze-cast 
systems in three dimensions, X-ray computed tomography (XCT) was used to 
quantitatively analyze the complex pore morphologies and directionality of primary 
dendrites using interfacial shape distributions (ISDs) and interfacial normal distributions 
(INDs), respectively [37]. By coupling the three characterization techniques, our study 
provides new insights into coarsening of freeze-cast systems, allows for comparisons 
with coarsening in alloy systems, and offers an additional means for pore network 
tailorability. 
 
2. Experimental procedures 
2.1 Processing 
A polysiloxane (CH3-SiO1.5, Silres® MK Powder, Wacker Chemie) preceramic 
polymer was dissolved in cyclohexane (C6H12, Sigma-Aldrich), with a composition of 
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preceramic polymer of 20 wt.%. After a homogeneous solution was obtained by stirring, 
a cross-linking agent (Geniosil® GF 91, Wacker Chemie) was added in concentrations 
of 1 wt.% and stirred for an additional 5 min. Subsequently, the polymer solution was 
degassed for 10 min to prevent air bubbles during freezing. The polymer solution was 
poured into a cylindrical glass mold (h = 20 mm, Ø = 24 mm) and placed on a PID-
controlled thermoelectric plate. A second PID-controlled thermoelectric plate was placed 
on top of the mold to maintain a constant freezing front velocity and temperature 
gradient (Fig. 1). A cold finger, smaller than the inner diameter of the mold, was inserted 
into the top of the mold creating a reservoir for solution as the solution shrunk during the 
freezing. The freezing front velocity was measured using a camera and intervalometer. 
The temperature gradient,   was determined by the following equation: 
  
     
 
 (3) 
where    is the temperature of the top cold finger,    is the temperature of freezing front 
and   is the distance between the top cold finger and the freezing front. The 
temperature of the freezing front was assumed to be at the liquidus temperature of the 
solution, which was measured by Naviroj [5] as 4.2 °C. All samples were frozen at 
freezing front velocities of 15 μm/s, and temperature gradients of 2.5 K/mm to maintain 
homogeneous pore structures.  
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Fig. 1. Schematic of the gradient-controlled freeze casting setup 
 
To induce coarsening after freezing was completed, the top and bottom 
thermoelectrics were set to temperatures close to the melting temperature of the 
solution (2 °C or 4 °C) and held for up to 5 h. After coarsening, the samples were cooled 
to -30 °C to fully re-freeze. Once frozen, the samples were placed in a freeze drier 
where the solvent crystals were completely sublimated. After freeze drying, the 
polysiloxane green bodies were pyrolyzed in argon at 1100 °C for 4 h with a 2 °C/min 
ramp rate to convert the preceramic polymer into silicon oxycarbide (SiOC). This 
resulted in a porosity of ~77%. The resulting 9.5 mm tall and 18 mm diameter samples 
are composed of SiOC ceramic with dendritic pores.  
 
2.2 Characterization  
Pore structures were observed using scanning electron microscopy (SEM; ZEISS 
1550VP). Longitudinal (plane parallel to the freezing direction) and transverse (plane 
perpendicular to the freezing direction) cross-sections were prepared using a diamond 
saw and imaged. Pore size distributions were measured using mercury intrusion 
porosimetry (MIP) using a Micromeritics Auto Pore IV instrument. All samples for MIP 
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were machined with a core drill (Ø = 15.9 mm) to remove the edges, and a ~1.8 mm 
disk was sectioned from the center of the sample.  
X-ray computed tomography (XCT) was performed on selected samples to 
quantitatively measure sample morphologies in three dimensions via absorption 
contrast tomography on a laboratory X-ray microscope (XCT; Zeiss Xradia Versa 520, 
Carl Zeiss AG, Oberkochen, Germany) at the Michigan Center for Materials 
Characterization. Three samples (height = ~5 mm, Ø = ~1.2 mm) were chosen for this 
analysis: a control sample without coarsening, one coarsened at 2 °C for 1 h and 
another coarsened at 4 °C for 3 h. During the XCT measurement, each sample was 
positioned 5.1 mm in front of a polychromatic X-ray source tuned to 40 kV, 3 W and 75 
µA. The X-ray beam interacted with a sample volume of 1025 µm x 1132 µm x 1090 
µm. A series of 1601 X-ray projection images was collected at 0.2° intervals while the 
sample rotated through 360° at exposure times of 1.1 s per projection. A scintillator 
downstream from the sample converted the X-ray projection images into visible light 
images and a 4X objective lens magnified the visible light image before coupling it to the 
2k x 2k CCD detector placed 23.5 mm away from the sample. With the CCD operating 
at a pixel binning of 2, a scan pixel size of 1.2 µm/voxel was achieved. The collected 
projection images were reconstructed using a filtered back projection algorithm in the 
Scout and Scan software provided by Zeiss Xradia Inc. to create a virtual 3D volume of 
the sample. Phase retrieval [38] was not necessary because there was sufficient 
contrast between the SiOC matrix and the pore network (see supplementary Fig. 1).  
The control sample (without coarsening) was segmented using Otsu’s method 
[39] in MATLAB. Although Otsu’s method is computationally straightforward and the 
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preferred segmentation approach, it was not successful on the 2 °C and 4 °C coarsened 
datasets due to the presence of debris and bright spot artifacts at random sections 
throughout the reconstructions. The coarsened datasets were instead segmented using 
a convolutional neural network (CNN) machine learning approach as described by Stan 
et al. [40,41]. First, 35 representative slices were selected from each reconstruction to 
include sections of debris and bright spots and split into three categories: 20 images for 
training, 10 images for validation, and 5 images for testing. Each image was then 
segmented using a combination of thresholding and manual cleaning using the GIMP 
software. These ground truth segmentations, along with the original images, were used 
to train CNNs with the SegNet architecture using the PyTorch framework. Each CNN 
was trained for 100 epochs on the Quest supercomputer at Northwestern University. 
The CNNs each achieved 99.4 % segmentation accuracy when applied to test images 
from the 2 °C and 4 °C coarsened datasets.  
MATLAB was used for all post-segmentation analysis. It was found empirically that 120 
µm thick sections (100 z-slice images) of each XCT dataset were large enough to 
capture the defining morphological features, yet small enough to be computationally 
manageable. All three segmented datasets were meshed, then smoothed using the 
“smoothpatch” function [42]. The control and 2 °C datasets were smoothed for 5 
iterations, while the coarser 4 °C dataset was smoothed for 15 iterations. Principle 
curvatures (   and   ) and normal vectors were calculated at each of the triangular 
mesh faces. Their respective frequencies within the microstructures are plotted as 
interface shape distributions (section 3.5) and interface normal distributions (section 
3.6).  
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3. Results 
3.1 Pore structure  
 
Fig. 2. SEM images showing (a,b) control sample, (c,d) sample coarsened at 2 °C for 1 
h, (e,f) 2 °C for 3 h, (g,h) 4 °C for 1 h, and (i,j) 4 °C for 3 h. The inset image in (a) shows 
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a higher magnification view of the primary pores (red arrows), while the inset image in 
(b) shows a higher magnification view of the secondary pores (green arrows). The inset 
scale bars in (a) and (b) are 60 µm and 40 µm, respectively. Transverse images and 
longitudinal images show cross-sections perpendicular and parallel to the freezing 
direction, respectively. 
 
Fig. 2 shows a series of SEM images of dendritic pores as a function of 
coarsening treatment beginning with the as-cast and pyrolyzed control sample (Figs. 2a 
and b). Since cyclohexane dendrites template the pores, the pores (appearing black in 
SEM images) are the negatives of dendrites [43,44]. The transverse image 
(perpendicular to the solidification direction) in Fig. 2a shows primary pores templated 
by primary dendrites (red arrows), and secondary pores templated by secondary 
dendrite arms. Tertiary pores are occasionally observed in regions where primary 
interpore spacings are large (supplementary Fig. 2). The four-fold symmetry of dendritic 
pores is consistent with the cubic structure of cyclohexane crystals [43,45]. The 
longitudinal image (approximately parallel to the solidification direction) in Fig. 2b shows 
the cutaway view of dendritic pores, where the green arrows in the inset image indicate 
secondary pores that were formerly secondary dendrite arms. When the dendrites are 
coarsened at 2 °C for 1 h, there is an increase in both primary and secondary pore size 
as shown in Figs. 2c and d. After three hours of coarsening at 2 °C, the transverse 
image shows larger domains of honeycomb-like structures (Fig. 2e) although the 
secondary pores are still present as noted in the longitudinal image (Fig. 2f).  
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When the coarsening temperature is increased to 4 °C, morphological evolution 
proceeds at a higher rate (Figs. 2g-j). Coarsening for one hour yields larger domains of 
the honeycomb structure in the transverse direction (Fig. 2g) while secondary pores are 
still noted in the longitudinal image (Fig. 2h). After three hours of coarsening at 4 °C, the 
majority of secondary pores disappear in the longitudinal image (Fig. 2j), producing a 
largely honeycomb-like structure. The morphological evolution of dendritic pores 
observed in this solution-based freeze casting agrees with what has been reported in 
coarsening of dendrites in alloys [23,29], where dendrites evolve into cylindrical-like 
morphologies. A longer coarsening time (five hours) at 4 °C was also investigated, but 
there were only minor morphological changes (supplementary Fig. 3). These minor 
changes can be attributed to the decreasing diffusion coefficient of preceramic polymer 
as gelation of the solution starts around five to six hours, as indicated by its viscosity. 
 
3.2 Pore size distribution 
 
Fig. 3. Pore size distribution data of samples coarsened at (a) 2 °C and (b) 4 °C. (c) Plot 
showing primary pore fraction as a function of coarsening time.  
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The pore diameters and their frequencies throughout the microstructures as 
measured using MIP for each coarsening temperature are shown in Fig. 3. Fig. 3a 
shows the pore size distribution from samples coarsened at 2 °C compared to the 
control sample. All samples exhibit a bimodal distribution, which are attributed to the 
presence of large primary pore diameters and small secondary pore diameters. As the 
samples are coarsened, primary pores and secondary pores became larger with the 
distributions shifting to the right, consistent with SEM images. Dendritic structures 
typically have a secondary pore volume that exceeds the primary pore volume because 
of the large number of secondary arms that grow from each primary dendrite [8]. In 
contrast, in the current coarsening studies, not only does the pore size distribution shift 
to larger pores, but also the primary pore volume eclipses the secondary pore volume.  
The same trend was observed in samples coarsened at 4 °C (Fig. 3b). For the 
sample coarsened for one hour, the distributions for primary and secondary pores 
overlap. This trend is most pronounced in the sample coarsened for three hours. 
Distinct bimodal distributions disappear in favor of a unimodal distribution. This 
corresponds well with Figs. 2i and 2j in which most secondary pores disappear, yielding 
the honeycomb-like structure. The primary pore volume fraction were calculated using 
peak fitting [46] and plotted as a function of coarsening time in Fig. 3c. The primary pore 
fraction increased by 146 % and 160 % after coarsening for 1 h  at 2 °C and 4 °C, 
respectively.  
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Fig. 4. (a) Primary pore size and (b) secondary pore size as a function of the cube root 
of adjusted coarsening time at different coarsening temperatures. 
 
To more easily compare the coarsening behavior of freeze-cast systems with 
typical alloy systems (Eqn. 2), primary and secondary pore sizes are plotted as a 
function of the cube root of adjusted coarsening time (t1/3) in Figs. 4a and 4b. The 
adjusted coarsening time is defined as the time interval over which the thermoelectric 
plates are at the prescribed coarsening temperature, adjusted by the time it took the 
frozen sample to reach the equilibrium coarsening temperature. In Figs. 4a and 4b, the 
peak values from the pore size distributions are plotted as representatives of primary 
and secondary pore sizes. The t1/3 dependence is obeyed for both coarsening 
temperatures, consistent with coarsened dendrites in alloy systems. Typically, only the 
dependence of the secondary arm spacing on t1/3 is reported [33], but it was found in 
the current study that the diameters of primary dendrites follow a similar trend. The 
         
 15 
slopes of the linear fit are summarized in Table 1. As expected, the slopes increase with 
temperature, in agreement with the observations of dendritic coarsening in Al-Cu-Mn 
alloys by Chen and Kattamis [47]. For both coarsening temperatures, the slopes of lines 
for the primary dendrites are larger than those for the secondary arms of dendrites. 
Specifically, increasing the coarsening temperature increased the slope for primary 
pores by a factor of 1.6, whereas the slope increased for secondary pores by a factor of 
1.3, indicating that primary dendrites coarsen at a slightly faster rate. This difference is 
attributed to a secondary arm retraction coarsening mechanism [48,49]. During 
coarsening, many secondary arms retract toward their base, leading to overall 
increases in both primary and secondary arm diameters.  
  
Table 1. The slope of linear fit from Fig. 4. 
Coarsening temperature Primary pore slope 
[µm/min1/3] 
Secondary pore slope 
[µm/min1/3] 
2 °C 5.0 ± 0.3 3.5 ± 0.2 
4 °C 8.0 ± 0.2 4.6 ± 0.1 
 
3.3 Coarsening mechanisms in solution-based freeze casting  
Fig. 5 shows three-dimensional reconstructions of the un-coarsened control 
sample (Fig. 5a), the sample coarsened at 2 °C for 1 h (Fig. 5b), and the sample 
coarsened at 4 °C for 3 h (Fig. 5c). The datasets are plotted such that the solidification 
direction is pointing out of the page. The corresponding videos of the structures rotating 
as viewed from a 45° tilt away from the solidification direction are available in the 
supplementary materials (Supplementary Video 1, 2, 3). Subsections from each of the 
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three reconstructions are shown in Figs. 5d-f. Corresponding videos of the subsections 
rotating are also available in the supplementary materials (Supplementary Video 4, 5, 
6). The sides of the interfaces that face the solid SiOC are colored dark gray. The sides 
of the interfaces that face the porous dendrites are colored according to their 
normalized mean curvature H/Ss. The specific interface area (Ss) is a characteristic 
microstructural length scale and is the total interface area divided by the total pore 
(dendrite) volume in the dataset. Normalizing curvatures by Ss is used to facilitate visual 
comparison between coarsening datasets and to check for self-similarity (see section 
3.4 and reference [50]).  
A significant change in pore size and pore morphology is observed by comparing 
the microstructures in Fig. 5, consistent with the previous SEM and MIP 
characterizations. The control sample (Figs. 5a and d) has patches with large positive 
mean curvature (yellow) mainly located at the tips and sides of the secondary pores, 
and patches with small and negative mean curvature (purple) primarily present at the 
roots of secondary pores. The interfaces with nearly zero mean curvature (light blue and 
light green) are at the flat sections along secondary pores.  
The control sample has two distinct domains of dendritic pores that vary by 
dendritic pore spacing. The white plus-shaped areas at the bottom right of Fig. 5a are 
one domain where primary dendrites are well-aligned with the temperature gradient. 
This domain has interpore spacing of ~40 µm. The rest of the sample has misaligned 
primary dendrites with larger interpore spacing (~70 µm separation). The misalignment 
is measured as ~28° from the temperature gradient and confirmed using interface 
normal distributions (section 3.5). These observations are consistent with other studies 
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which show that primary dendrite spacing generally increases with misorientation [51–
53].  
Morphological changes in the dendritic pore network and secondary arms are 
evident when comparing the three XCT datasets. Most secondary pores in the control 
sample have capped ends such that each dendritic pore was isolated from adjacent 
dendritic pores, as shown in the SEM image (Fig. 2b). In the 2 °C sample, some of the 
secondary pore caps remain (white arrows in Fig. 5e). However, some caps are lost 
during coarsening resulting in connections between secondary pores and in the 
formation of ceramic ligatures (red arrow in Fig. 5e). The sample coarsened at 4 °C for 
3 h no longer contains secondary pores and the microstructure is instead primarily 
composed of larger channels with nearly-flat sides, as indicated by the green and light-
blue coloring in Fig. 5f. Areas of higher curvature (yellow stripes in Fig. 5f) are present 
where the flatter sections intersect.  
The color-coded 3D reconstructions also provide insights into why dendritic 
morphologies evolve to honeycomb-like structures through coarsening. Large positive 
mean curvatures are preferentially found at the tips and sides of secondary pores. In 
contrast, small and negative curvatures are found at the roots of the secondary pores, 
where there is a high preceramic polymer concentration. During coarsening some 
regions of the dendritic structures melt and re-dissolve the preceramic polymer. This 
leads to liquid being present in the interdendritic regions. As a result, near these 
interface regions, there is a high solvent content and equivalently low preceramic 
polymer concentration due to the Gibbs-Thomson effect. Hence, the preceramic 
polymer diffuses from the roots of secondary arms to the tips and sides of secondary 
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arms, which dissolves the tips and sides but solidifies the roots. This mechanism results 
in the observed honeycomb microstructures.  
 
 
Fig. 5. 3D XCT reconstructions and subsections for the (a,d) control sample, (b,e) the 
sample coarsened at 2 °C for 1 h, and (c,f) sample coarsened at 4 °C for 3 h. The sides 
of the solid-pore interfaces that face the dendritic pores are colored according to the 
normalized mean curvature (H/Ss), as indicated by the colorbar in (c). White arrows in 
(e) show secondary pores with positive curvature caps, while the red arrow indicates a 
ligature with negative curvature.  
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3.4 Quantitative microstructure analysis 
It is challenging to quantitatively compare highly complex microstructures using 
only 2D SEM images and visualizations of the 3D XCT reconstructions. A major 
advantage of the XCT technique is the ability to measure volumetric and interfacial 
properties. Metrics from the three XCT datasets are reported in Table 2. The pore 
volumes and volume fractions are similar between the three datasets. The porosity of all 
three samples was also measured using a modified Archimedes’ method (ASTM C373). 
The two coarsened samples had nearly identical porosities using XCT and Archimedes’ 
method. However, the 72% porosity of the control sample as measured by XCT, is 
believed to be slightly low due to expected difficulties in using X-rays to image finer-
scale structures. The Archimedes-measured 76% porosity is more aligned with the 
other samples, and is thus reported in Table 2. The control sample contains ~17 times 
more interface area than the 2 °C coarsened sample, and ~25 times more interface 
area than the 4 °C coarsened sample. The inverse specific interface area (Ss
-1) is found 
to be equal to roughly half of the average secondary pore size. The control and 2 °C 
datasets have Ss
-1 = 6.1 and 10.7 µm, and MIP-measured secondary pore size of 12.6 
and 25.7 µm, respectively. The misalignment angles reported in Table 2 is a 
measurement of the angle between the average dendrite growth direction and the 
solidification direction (discussed in detail in section 3.5). 
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Table 2. Metrics from the three XCT datasets. Ss
-1 is the inverse specific interface area, 
calculated as the total pore volume divided by the total solid-pore interface area. The 




Pore Volume Fraction  
[%] 








Control 4.1 76* 67.0 6.1 ~5, ~28 
2 °C, 1 h 4.3 77 4.0 10.7 ~35 
4 °C, 3 h 4.2 75 2.7 15.6 ~15, ~20, ~30 
*Based upon Archemedes’ measurements 
 
Interface shape distributions (ISDs) are also used to quantitatively compare the 
complex microstructures. For example, ISDs have been used to compare anisotropic 
bone architectures with freeze-cast foams made for bone implants [54]. ISDs are 
contour maps that indicate the probability of finding an interfacial patch with a given pair 
of principal curvatures (  /Ss and   /Ss). Figs. 6a-c show the ISD generated from the 
XCT microstructures in Figs. 5a-c, respectively. A map of the possible shapes in ISDs is 
presented in Fig. 6d. ISDs are divided into four main regions, indicated by 1 to 4 in the 
Fig. 6d schematic. For dendritic porous materials: 
 Region 1 contains patches with    > 0 and    >   . These cap-like interfacial 
patches are concave toward the SiOC ceramic. 
 Region 2 contains patches with    < 0 and    > -  . These saddle-like patches 
are strongly curved toward the pores. 
 Region 3 contains patches with    < 0 and    < -  . These saddle-like patches 
are strongly curved toward the SiOC ceramic. 
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 Region 4 contains patches with    < 0 and    >   . These cap-like interfacial 
patches are convex toward the SiOC ceramic. 
Figs. 6e and 6f show the same section of the 2 °C coarsened dataset as in Fig. 5e, but 
the structures are colored according to interfacial shapes of interest. Patches with 
cylindrical shapes were isolated from the red-box region in the ISD in Fig. 6b and 
displayed on the microstructure in Fig. 6e. Most of these cylindrical features are 
primarily found along the walls of primary pores, but some patches are also present 
along the walls of secondary pores. The porous caps in the pink region of Fig. 6b are 
shown on the reconstruction in Fig. 6f. As expected, these high-curvatures features are 
mostly present at the tips of secondary pores.  
A system is considered to be self-similar if the ISDs do not change during 
coarsening. The 2 °C and 4 °C ISDs are both different from the control ISD, thus 
coarsening is not taking place in a self-similar manner. This is somewhat surprising 
given that the previously mentioned t1/3 power law holds. The major reason for lack of 
self-similarity is the disappearance of secondary arm tips and conversion to honeycomb 
structures. Compared to the control ISD (Fig. 6a), the 4 °C ISD (Fig. 6c) has a smaller 
probability in the top right section of Region 1 (pore caps) and a higher concentration of 
cylindrical patches (signal along   /Ss = 0), consistent with the reconstructions shown in 
Fig. 5f.  
The magnitude of the probability near the origin of the ISDs is indicative of the 
overall flatness of the microstructure. The control ISD has a yellow spot that extends to 
the saddle-like Regions 2 and 3. These interfaces are primarily found on the plate-like 
facets along the primary and secondary pores. The sample coarsened at 2 °C has a 
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peak shifted away from the origin. This is consistent with SEM images of decreased 
secondary pore length and ligature formation. The 4 °C ISD has the largest number of 
nearly flat interfaces, as expected from the honeycomb structures. 
Since the dendrites in freeze casting undergo similar morphological evolution to 
cylinder-like shapes in alloy systems, the ISDs for the control sample and the sample 
coarsened at 4 °C for three hours are compared to the dendrite coarsening in Pb-Sn 
alloys reported by Cool and Voorhees [29,55,56]. The ISD of the control sample is 
similar to the ISD of the least-coarsened sample in the Cool and Voorhees study [55]. 
Both ISDs have peaks in the cylindrical and saddle regions as both structures contain 
significant amounts of interfacial patches from secondary arms or secondary pores. The 
freeze-cast and Pb-Sn ISDs are also similar when the structures are coarsened to 
cylindrical morphologies. Hence, the two systems exhibit similar general coarsening 
trends.  
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Fig. 6. Interface shape distributions (ISDs) for the (a) control sample, (b) sample 
coarsened at 2 °C for 1 h, and (c) sample coarsened at 4 °C for 3 h. (d) Map of the 
interface shapes possible in an ISD where P is pore and S is solid. This is a modified 
figure from ref. [57]. Sections of the 2 °C coarsened sample cylindrical patches colored 
in red (e) and porous caps colored in pink (f).  
 
3.5 Directionality of dendritic pores  
Directionality is of great interest because it influences transport [58] and 
mechanical properties [59] of freeze-cast solids. As clearly observed in the control XCT 
dataset (Fig. 5a) not all dendrites grow exactly perpendicular to the induced 
temperature gradient. Interface normal distributions (INDs) are used to quantitatively 
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measure the averaged dendritic growth directions [29,60–62]. For each of the three 
XCT datasets, normal vectors were calculated at each interfacial mesh face and their 
distributions were plotted on a hypersphere following the procedure outlined by Shahani 
[63]. The [001] stereographic projections are presented as INDs in Fig. 7 for the (a) 
control sample, (b) sample coarsened at 2 °C for one hour, and (c) sample coarsened at 
4 °C for three hours. The IND center where the white lines intersect indicates the out of 
plane direction, parallel to the temperature gradient.  
The IND for the control sample (Fig. 7a) is uniformly blue except for one spot 
(green arrow) at ~28° from the IND center. Some of the interfacial patches which 
contribute to this IND spot have been highlighted on the microstructure section in Fig. 
7d. The green patches are primarily present on the relatively flat top faces of secondary 
pores. These interfaces have normal vectors that point in roughly the same direction, 
thus yielding a spot on the IND. Owing to the cubic symmetry of the system, the flat top 
faces are roughly perpendicular to the primary pore growth direction. Thus, the primary 
dendrites grew at ~28° from the temperature gradient direction. A rotation video of the 
entire control XCT dataset as viewed from the measured 28° tilt is available in the 
supplementary materials (Supplementary Video 7). At ~43 seconds into the video it is 
possible to view directly down many of the primary channels, confirming the angle 
measured in the IND.  
The IND of the sample coarsened at 2 °C for 1 h (Fig. 7b) contains a spot (purple 
arrow) at ~35° from the center. This spot indicates the average misalignment of multiple 
domains within the sample. The microstructure section in Fig. 7e has purple patches 
corresponding to the spot in the IND. As in the control sample, these interfaces are 
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mostly present at secondary pores. The IND also has an arc-like band, marked by four 
red arrows and one blue arrow at the highest-intensity spot. Fig. 7f shows a section of 
the microstructure where patches that contribute to the IND spot (denoted by the blue 
arrow) are highlighted in blue. These areas are primarily found on the flatter regions of 
primary pores. The primary pores in the 2 °C coarsened sample have walls with normal 
vectors that point in many directions, all of them nearly perpendicular to the primary 
dendrite growth direction. This is manifested as an arc-band in the IND (red arrows in 
Fig. 7b). The band is tilted at ~55° away from the temperature gradient direction, and 
~90° away from the secondary arm spot (purple arrow in Fig. 7b). Together, these 
observations indicate that the average dendrite growth misalignment for the 2 °C 
coarsened sample is ~35°. A video of the rotating XCT microstructure as viewed from 
the ~35° tilt is available in the supplementary materials (Supplementary Video 8). At ~19 
seconds into the video it is indeed possible to see down many of the primary pores.  
The IND of the sample coarsened at 4 °C for 3 h (Fig. 7c) contains many light-
blue bands. The bands appear smeared largely because the honeycomb-like structure 
is composed of large channels, each with a slightly different orientation. Three main 
orientations are identified (red, yellow, and pink arrows), indicating misorientations of 
~20°, ~15°, and ~30°, respectively (Table 2). A video of the rotating XCT microstructure 
as viewed from the ~20° tilt is available in the supplementary materials (Supplementary 
Video 9). At ~38 seconds, it is possible to view down many of the channels. The 
channel misalignments from the three XCT datasets are summarized in Table 2. The 
preferential directionality of coarsened dendrites was also characterized in alloy 
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systems [29]. In contrast, freeze-cast lamellar pores identified from INDs by Fife et al, 
show two peaks located 180° apart due to the plate-like pores [54]. 
The misalignment of dendritic pores is expected since dendrites were randomly 
oriented at nucleation. As the dendrites grow, misoriented dendrites tend to impinge on 
aligned dendrites and stop growing. However, some fraction of off-axis dendrites are 
retained. Although the misalignment of pores affects transport properties of freeze-cast 
solids, the overall directionality of dendrites could be controlled through careful selection 
and design of substrates. Nucleation control by a grain selector can be used in freeze 
casting to align dendritic pores and has been shown to improve the Darcian 
permeability constant more than 6-fold [58]. The wedge systems were also shown to be 
effective in aligning pores as demonstrated in other studies [64,65]. Another example 
was demonstrated by Munch et al., which freeze-cast with patterned substrate to control 
orientation of pores [66]. 
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Fig. 7. Interface Normal Distributions (INDs) for the (a) control sample, (b) sample 
coarsened at 2 °C for 1 h, and (c) sample coarsened at 4 °C for 3 h. The green arrow in 
(a) corresponds to the green patches in (d). The purple arrow in (b) corresponds to 
purple patches in (e). The blue arrow in (b) corresponds to the blue patches in (f).   
 
4. Discussion 
4.1 Comparison with other alloy systems 
The coarsening times in this study (up to five hours) are shorter than those in 
many alloy studies where dendrites were coarsened for several days (tens to thousands 
of hours) to observe the significant morphological change from dendrites to cylinders. 
Here, the freeze-cast system is compared with Pb-Sn alloys studied by Kammer and 
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Voorhees [29], where the dendrites evolve into cylinders after coarsening for ~48 hrs 
(nearly ten times longer than in the freeze-cast system). The model by Kirkwood for 
secondary arm coarsening [67] can be used to explain the faster morphological 
changes in freeze-cast systems: 
  ( 
       






 ⁄                 ( ) 
where   is the secondary arm spacing,   is the diffusion coefficient of solute in the 
liquid,   is the solid-liquid interface tension,    is the absolute melting temperature,   is 
the volumetric heat of fusion,  is the liquidus slope,    is the liquid composition,   is 
the partition coefficient, and   is the coarsening time. Although the values for some 
parameters such as  ,  , and    are not known for both the freeze-cast and alloy 
systems, a comparison of the known variables   and  provides insight into the 
differences in coarsening rates.   of eutectic Pb-Sn is ~300 J/cc, while that of pure 
cyclohexane is ~25 J/cc, which is an order of magnitude smaller. The absolute value of 
  for Sn-rich Pb-Sn alloys is ~1.4 °C /wt.%, while that of 0 wt.% to 40 wt.% preceramic 
polymer concentration ranges from 0.07 to 0.16 °C /wt.%  [5], which is also an order of 
magnitude smaller. Both   and  are in the dominator of Eqn. 5, thus the smaller values 
for the freeze-cast system indicate a larger coarsening rate than in Pb-Sn alloys. 
Although further assessment of unknown variables is necessary to draw conclusions,  
the current analysis is consistent with the observed higher coarsening rate in the freeze-
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4.2 Tailoring pore morphology using coarsening temperature 
Coarsening time and coarsening temperature are two major parameters that can 
be used to tailor pore size and morphology. It was demonstrated that primary and 
secondary pore sizes linearly depend on the cube root of coarsening time (t1/3). The 
higher coarsening temperature accelerated the morphological transition from dendrites 
to honeycomb-like structures and increased the average pore size. Changing the 
coarsening temperature may alter the diffusion coefficient. However, if the diffusion 
coefficient ( ) follows an Arrhenius behavior [68], or a reptation model in the case of 
long-chained polymers, the temperature dependence of   is sufficiently small (less than 
1 % increase) that it cannot account for the 70 % and 40 % increase in coarsening rate 
for primary and secondary pores, respectively, that occurs with coarsening at 4 °C 
compared to 2 °C. Instead, the enhanced coarsening rate with temperature is likely due 
to the increase in liquid volume fraction. When the coarsening temperature is increased, 
the liquid fraction increases, causing    to decrease. Furthermore, a decrease in    is 
expected to increase   [69]. Hence, the changes in    and   as a result of higher 
coarsening temperature accelerate the coarsening process.  
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Fig. 8. (a) Pore size distribution from samples coarsened at 2 °C for 3 h and 4 °C for 1 
h. Transverse and longitudinal SEM images of the samples coarsened at (b, c) 2 °C for 
3 h, and (d, e) 4 °C for 1 h, respectively. Yellow arrows indicate primary pores with four-
fold symmetry, and red arrows indicate thin tubes.  
 
In addition to the aforementioned acceleration, the coarsening temperature could 
impact the freeze-cast morphology. This is highlighted in Fig. 8 where pore size 
distributions and SEM images are shown for samples coarsened at 2 °C for 3 h and 4°C 
for 1 h. As demonstrated using MIP, both samples have nearly identical pore size 
distributions, with marginally larger secondary pores present in the sample coarsened at 
2 °C. The pore morphologies shown in SEM images, however, reveal distinct 
differences. In the transverse direction, some of the primary pores in the sample 
coarsened at 2 °C retain four-fold symmetry (yellow arrows in Fig. 8b), whereas the 
sample coarsened at 4 °C has a more honeycomb-like structure (Fig. 8d), changes 
which are likely to influence both tortuosity and permeability.  
Additional differences are observed in the longitudinal direction. First, primary 
pores connect to neighboring primary pores by coalescence of secondary arms at 2 °C 
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(Fig. 8c). Second, some secondary pores are elliptical-shaped, as indicated by red 
arrows in Fig. 8c. Since the major axis of the ellipse is along the dendrite growth 
direction, it is likely that these large elliptical pores are result of coalescence of 
secondary arms that are nearly perpendicular to the dendrite growth direction. These 
large elliptical pores are likely what caused the slight shift of the secondary pore peak in 
the sample coarsened at 2 °C (Fig. 8a).  
It is hypothesized that this morphological difference can be attributed to the 
difference in liquid fraction during coarsening. When samples were coarsened at 4 °C, 
close to the melting point of the solution, a sufficient fraction of the liquid phase was 
present to surround the dendrites, providing many pathways for mass diffusion. This 
allowed the structure to coarsen more uniformly, hence, both primary and secondary 
dendritic arms changed their morphologies which led to a larger secondary arm 
spacing. In contrast, at the lower 2 °C coarsening temperature, the lower volume 
fraction of liquid phase was more heterogeneously distributed throughout the 
microstructure. This led to preferential coalescence of some secondary arms, but an 
overall smaller secondary arm spacing. The discrepancy in coarsening mechanisms 
near individual dendrites results in a disparate coarsening behavior at different 
temperatures. These results further demonstrate that changing the coarsening 
temperature can be used to tailor the pore morphology and pore network.  
 
5. Conclusion 
This study demonstrates that coarsening can be applied to solution-based freeze 
casting to control the pore morphologies and sizes. The morphological evolution from 
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dendrites to cylindrical-like crystals was demonstrated in solution-based freeze casting, 
and ultimately resulted in honeycomb-like porous structures. We also show that both 
primary and secondary pore sizes scale with the cube root of coarsening time (t1/3). 
Both findings are well-known in dendrite coarsening in metal alloy systems.  
While many studies in freeze casting have focused on controlling crystal growth, 
to best of our knowledge, this is the first study to use X-ray tomography to quantitatively 
explore morphological evolution during coarsening of freeze-cast systems, specifically 
with interfacial shape distributions and interfacial normal distributions. ISDs were used 
quantitatively to determine that coarsened pore structures are not self-similar, similar to 
findings for coarsened dendrites in alloys [29,55]. INDs were used to quantitatively 
measure the preferential growth direction of pores, which is important for mechanical 
and transport properties of porous solids. Since the dendritic structures can be obtained 
by a variety of solvents, ISDs and INDs provide a useful platform to investigate 
morphological evolution of other dendritic structures. The current study validated that 
post-crystal growth processes, such as coarsening, offer an additional strategy to 
control and tailor the microstructures of freeze cast ceramics. 
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